An experimental investigation of the non-reactive mixing processes associated with a lobed fuel injector in a coflowing air stream is presented. The lobed fuel injector is a device which generates streamwise vorticity, producing high strain rates which can enhance the mixing of reactants while delaying ignition in a controlled manner. The lobed injectors examined in the present study consist of two corrugated plates between which a fuel surrogate, CO 2 , is injected into coflowing air. Acetone is seeded in the CO 2 supply as a fuel marker. Comparison of two alternative lobed injector geometries is made with a straight fuel injector to determine net differences in mixing and strain fields due to streamwise vorticity generation. Planar laser-induced fluorescence ͑PLIF͒ of the seeded acetone yields two-dimensional images of the scalar concentration field at various downstream locations, from which local mixing and scalar dissipation rates are computed. It is found that the lobed injector geometry can enhance molecular mixing and create a highly strained flowfield, and that the strain rates generated by scalar energy dissipation can potentially delay ignition in a reacting flowfield.
INTRODUCTION
The enhancement of fuel-air mixing processes in combustion systems can have substantial benefits with respect to combustion or incineration completeness 1 as well as NO x or other toxic emission reduction [2] [3] [4] [5] [6] [7] due to the reduced likelihood of the formation of stoichiometric diffusion flames. Rapid mixing associated with high fluid mechanical strain rates can suppress the ignition of diffusion flames, [8] [9] [10] instead forming premixed or partially premixed regions that can be made locally lean. When strain rates relax, ignition then occurs in a premixed mode, allowing a more complete consumption of the fuel species while reducing NO formation via the well known Zeldovich or thermal mechanism. 2 NO formation can then be limited to the ͑normally less important͒ ''prompt'' mechanism, suggesting the potential for significant NO emissions reduction.
The present study examines the flow and mixing processes associated with a fuel injector configuration which has the potential for such enhanced fuel-air mixing. This configuration, the ''lobed'' injector, is designed to generate very rapid initial mixing of reactants through streamwise vorticity generation 11 and associated high strain rates. A schematic diagram of the generic lobed injector is shown in Fig. 1 . The injector consists of two initially flat, parallel plates which ''grow'' downstream into corrugated lobes as shown. Fuel is injected from between the plates into an axially coflowing airstream. The oppositely oriented secondary flows which develop along the sides of each of the lobes roll up into counter-rotating vortical structures oriented in the streamwise direction. The array of counter-rotating vortices strains fluid interfaces, in this case, those separating fuel and air.
The general principle of the lobed or louvered geometry has been applied to two-stream mixing in turbofan engines using a single corrugated plate or interface to mix initially separated fluids. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Skebe et al. 18 report that the secondary ͑cross-stream͒ flow induced by the lobed mixer is generated inviscidly by the mixer shape. As a consequence the streamwise circulation generated at each half of a lobe wavelength at the exit plane of the mixer may be predicted by inviscid analysis. This streamwise circulation ⌫ is shown to take the form 18 
⌫ϷC 1 Ūh͑tan ␣͒, ͑1͒
where C 1 is a constant which is sensitive to the specific lobe corrugation geometry, Ū is the mass-averaged streamwise velocity, h is the peak-to-peak lobe height, and ␣ is the lobe half-angle ͑see Fig. 1͒ . Vortex strength predicted by equation ͑1͒ is consistent with the experimental results in Ref. 18 as well as with those of McCormick and Bennett. 17 Recent numerical simulations by O'Sullivan et al. 21 in fact confirm that the estimate in ͑1͒ for vortex strength can even be extended to cases where the flow has separated, for lobe halfangles ␣ as high as 25°.
Further experiments by Eckerle et al. 16 demonstrate strong secondary velocities near the exit plane of a lobed mixer which evolve into a sheet of streamwise vorticity and eventually coalesce into distinct streamwise counter-rotating vortices, with scales on the order of the mixer lobe width. Further downstream, turbulent breakdown of the streamwise vortices occurs, the location of which is dependent on the ratio of axial velocities on either side of the mixer. Vortex breakdown is seen by Eckerle et al. 16 to be the critical phenomenon that significantly enhances turbulent mixing due to the generation of smaller scale turbulence at breakdown. Yet Yu et al. 19 find that enhanced mixing can actually occur upstream of the region in which vortex breakdown occurs, due to the localized, rapid production of turbulent kinetic energy. Skebe et al. 18 and Yu et al. 19 further note that sinusoidally shaped lobes tend to produce lower secondary flow velocities a͒ Author to whom correspondence should be addressed: Phone: ͑310͒ 825-5653; Fax: ͑310͒ 206-4830; Electronic mail: ark@seas.ucla.edu and to mix less efficiently than a geometry with parallel lobe sidewalls due to the merger of sidewall boundary layers in the troughs of the former geometry. Flow instabilities in plane wakes and shear layers have been studied for a lobed mixer type geometry with small lobe ramp angles (␣Ͻ1°) and moderate Reynolds numbers; 22, 23 an uncoupled development of streamwise and spanwise vorticity by the lobed trailing edge is seen here. Axisymmetric lobed or corrugated mixer geometries have also been investigated; 24, 25 these also demonstrate the propensity for streamwise vorticity generation.
Combustion in a lobed mixer geometry, with roughly equal regions of fuel and oxidizer initially separated by a single lobed splitter plate, has also been studied. [26] [27] [28] When using a lobed splitter plate, the flame spread angle is double the flame spread angle of a flat splitter plate, indicating enhanced mixing and an increased rate of flame propagation. 26 Mixing rate augmentation due to the addition of streamwise vorticity was found to be less sensitive to the detrimental effects of heat release than the mixing rate for a planar shear layer configuration. 28 For combustor applications, the lobed injector ͑Fig. 1͒ reported in the present paper has several potential advantages over the lobed mixer. In the lobed injector, fuel is injected directly into the region of highest strain rates and highest streamwise vorticity. As a consequence, all of the fuel begins to be mixed with oxidizer within a rapidly strained flowfield, so that mixing may occur under conditions which delay ignition. [8] [9] [10] Further, when a thin ''strip'' of fuel is sandwiched between the oxidizer streams, ignition delay can occur at smaller strain rates than when fuel and oxidizer meet at only one independent interface, 29 hence ignition delay can be easier to achieve in a lobed injector rather than a lobed mixer geometry. The lobed injector also has an advantage over other types of fuel injection schemes in that energy losses and pressure drop are small, while mixing takes place over a comparatively short distance. 15 The present study investigates mixing in a chemically nonreacting, isothermal flow downstream of two alternative lobed injector geometries, and compares mixing characteristics for each of these injectors with those for a straight ͑non-lobed͒ injector. The measured parameters of greatest interest for combustion applications are the scalar dissipation rate ͑from which the local strain rate may be estimated͒ and mixedness or unmixedness. These preliminary measurements were made in nonreacting flow in order to remove the effects of chemical reaction and heat release when comparing the net effect of streamwise vorticity generation on mixing and strain rate. It has also been suggested 30 that the local strain field in a cold, non-reacting turbulent flow may be used to predict local reactive flow quantities in an equivalent combusting flow, irrespective of the extent of chemical equilibrium in the reacting flowfield. Thus the present results have broader implications for the processes of mixing and ignition delay in a reacting flowfield associated with the lobed fuel injector.
EXPERIMENTAL FACILITY AND METHODS
In the present experiments, three different fuel injector geometries were each studied in a low speed wind tunnel with a square test section having 9.5 cm sides, as shown schematically in Fig. 2 m/s. The wind tunnel entrance contained a honeycomb section to straighten the flow, followed by a contraction section of 4:1 area ratio. Hot-wire measurements in the empty wind tunnel ͑injector removed͒ confirmed that the velocity profile was uniform in the test section and that turbulence levels were less than one percent of the free stream velocity, except within 1.2 cm of the wind tunnel walls. Quartz windows were fitted in the two vertical side walls of the test section and at the downstream end of the wind tunnel ͑in a plane perpendicular to the bulk flow͒ for optical access. The wind tunnel was attached to a traversing table to allow movement of the tunnel relative to a laser sheet passing through the side wall windows ͑see optics description below͒.
Three different fuel injectors were studied in this wind tunnel; exit plane geometries are shown schematically in Fig.  3 . The lobed injectors were constructed of aluminum using an electron discharge machining or EDM device. Lobed injector A was constructed of two plates which were planar and parallel at the upstream edge and sinusoidally corrugated ͑lobed͒ at the downstream edge. The plates were separated by a small gap ͑on average, 0.071 cm at the downstream exit plane͒ through which fuel surrogate flowed; the wall thickness at the exit was approximately 0.038 cm. It should be noted that, due to machining inaccuracies, the gap width and wall thickness of this injector did vary along the exit plane lobes. Both thicknesses became more than twice the nominal value at the peaks and troughs of the sine wave. The wavelength of the lobes was 1.905 cm, and the peak-to-peak amplitude at the exit was 3.721 cm. The injector had five lobes and spanned the width of the wind tunnel; it was 15.2 cm in length ͑in the direction of flow͒, so that the lobes grew at a constant ramp half-angle ␣ of approximately 7°.
Lobed injector B had a wavelength of 3.175 cm, a peakto-peak amplitude of 3.518 cm, a ramp half-angle of 6.6°, a slot width of 0.056 cm, and a wall thickness of approximately 0.076 cm at the exit plane. Wall thickness and slot width were much more uniform along the lobes in injector B than in injector A. In injector B, the three lobes were designed as rounded square waves with parallel side walls. The different geometry and larger wavelength-to-amplitude ratio were chosen in an attempt to reduce the boundary layer thickness in the injector troughs and to examine this effect on vortex roll-up and mixing effectiveness. Streamwise vortex strength ⌫ for injectors A and B was estimated using equation ͑1͒, with coefficients C 1 ϭ2.4 for injector A and C 1 ϭ4.0 for injector B, per the conclusions of Skebe et al. 18 for alternative lobe geometries.
Finally, injector C was a straight slot injector with the same slot width as in injector B, but with a wall thickness of 0.127 cm at the exit plane. There was no aerodynamic loading for injector C, and hence the principal mechanism for streamwise vorticity generation was removed. We examined this configuration in an attempt to isolate the effects of the lobes' streamwise vorticity generation on mixing from the effects of spanwise vorticity generation when the upper and lower air flow velocities were unequal and from the wakes caused by the finite thickness of the injector walls. Although the injector wall thicknesses differed on average between the lobed geometries and the straight geometry, for the flow conditions studied, this difference had little effect on mixing characteristics 31 as compared with the effect of slot width, which was on average about the same among the three injectors.
Carbon dioxide (CO 2 ) was used in the present experiments as a fuel surrogate because of its similarities to propane fuel in terms of molecular weight and diffusivity. Air was passed above and below the injector. CO 2 was supplied to the injector by a rectangular pipe of the same dimensions as the upstream edge of each injector. The pipe passed through the entrance and contraction sections of the wind tunnel, and was fastened flush with the upstream surfaces of the injector. This pipe separated the wind tunnel into two halves in the section between the contraction and the injector exit.
Each of the three injectors was tested for different sets of operating conditions. In flow set I, the axial velocities of all the streams (v f for fuel, v aa for the air flow above the injector, and v ab for the air flow below the injector͒ were matched as closely as possible, although due to nonuniformities in the lobed injector geometry, the fuel velocities were not precisely matched with airflow, especially at the peaks and troughs in injector A. Flow set II involved matched air velocities but with a quantifiably higher fuel exit velocity. The last set of flow conditions, set III, consisted of mismatched upper and lower air velocities, with the fuel velocity set at the mean of the upper and lower air stream velocities. These flow conditions, appropriate for each of the three injectors, are summarized in Table I .
For the flow conditions outlined above, the momentum thicknesses above and below the lobe peaks ͑at the injection plane͒ were measured using a pitot probe. A summary of momentum thicknesses for the range of bulk airflow conditions examined is shown in Table II . Velocity measurements were made from the top of the wind tunnel to the bottom, vertically passing through the central peak of each lobed injector. The lobed shape clearly thins the boundary layer above the upper plate at the lobe peak and thickens the boundary layer below the lower plate at the lobe peak when compared with values for the flat injector C. While the differences in for the lobed injectors A and B were not as large as were expected, the differences may have been sufficient to have had an effect on downstream mixing characteristics. The momentum thicknesses for the lobe side walls, also shown in Table II , indicated a consistently thinner sidewall boundary layer thickness for injector B than for injector A, as would be expected from the design.
Scalar mixing was studied in the present experiments using planar laser-induced fluorescence ͑PLIF͒ imaging of acetone seeded in the CO 2 supply as a tracer. Acetone was excited with 308 nm laser light from a XeCl excimer laser, pumping several lines in the acetone A←X system, resulting in fluorescence proportional to the acetone concentration. 32 The 300 mJ, 25 ns laser beam was formed into a 5 cm tall sheet, passing through the wind tunnel test section perpendicular to the direction of bulk flow, with a sheet thickness of 600 m or less. By moving the laser sheet along the streamwise axis of the tunnel, the evolution of the CO 2 or ''fuel'' concentration field driven by the developing vortices was visualized. Nonresonant fluorescence of acetone occurred over a broad spectrum from 350 to 650 nm, peaking at about 435 nm.
Acetone fluorescence was detected and imaged by an intensified CCD camera located outside the wind tunnel's downstream end window. Long-pass optical filters were placed in front of the imaging lens to prevent elastically scattered laser light from reaching the intensified CCD array. Acetone phosphorescence ͑200 s lifetime͒ was rejected by gating the image intensifier on for a period of 500 ns. The CCD array contained 610ϫ492 pixels, and the imaging lens and CCD array combination gave a pixel resolution of better than 200 m.
To obtain quantitative measurements of acetone concentration, it was desirable to operate in the regime of linear fluorescence. Lozano et al. 32 give the fluorescence lifetime for acetone as 2.7 ns, and the absorption cross-section for 308 nm light as 1.6ϫ10 Ϫ20 cm 2 . This gives a saturation photon flux density of N sat ϭ2.3ϫ10
19 photons/(cm 2 Ϫns). In the present experiment the photon flux density was less than 1.2ϫ10 17 photons/(cm 2 Ϫns), or more than 2 orders of magnitude smaller than the saturation photon flux density. The fluorescence signal was therefore linear in acetone concentration and linear in laser energy in the present experiments. While the acetone concentrations introduced into the injectors were about 90 000 ppm, the average concentration of acetone downstream in the test section was well below 90 000 ppm, and beam absorption was negligible.
All PLIF images of acetone ͑including calibration images͒ were normalized by laser pulse energy to correct for shot-to-shot variations in laser energy. The normalized PLIF images of mixing were corrected for intensity nonuniformity in the laser sheet and imaging optics and simultaneously calibrated for acetone concentration by dividing by the normalized calibration image on a pixel-by-pixel basis. Pixel values in the scalar concentration images varied between 0 and 1, representing the mass fraction Y of CO 2 at each pixel location.
These PLIF images were converted from CO 2 mass fraction (Y ) images to mixture fraction () images using the relation ϭY /Y f , where Y f represents the maximum CO 2 ͑''fuel''͒ mass fraction in the flowfield, at injection. Mixture fraction gradients " were calculated from the pixel values using central differencing with a low-pass spatial filter. The scalar dissipation rate 9 was then calculated as ϭ2D"•", where D is the average mass diffusivity; in the present experiments, gradients were calculated in two dimensions only, since instantaneous images were obtained in relatively widely spaced two-dimensional planes at different points in time. While this evaluation clearly does not produce the complete value of scalar dissipation rate , it is reasoned that the component of arising from the streamwise or axial gradient in should be roughly the same among the three different injectors for the same flow conditions. Hence comparisons of among the three injectors should yield useful information with respect to the potential for ignition delay. Following descriptions in Refs. 9, 30, and 33, it is possible to relate the scalar dissipation rate to strain rate ⑀ at stoichiometric contours in a reactive flow, assuming the interfaces between fuel and air to behave as locally steady, opposed flow diffusion flames. In a flowfield in which only molecular mixing occurs at strained fluid interfaces, the relationship between strain rate and the dissipation rate of the conserved scalar takes the same form when applied at local maxima in or ''strained dissipation layer'' contours. This relationship between strain rate ⑀ and scalar dissipation rate at a dissipation layer contour st is given by
͑2͒
As pointed out by Bish and Dahm, 30 the values of the conserved scalar well above and below the mixing interface, ϩ and Ϫ , can have a critical effect on the magnitude of the local strain rate experienced by the interface. This is especially important, yet is difficult to quantify, as dissipation layers are brought close together in a strain field as occurs in the present situation. In the present study, an automated technique was used 34 in which the dissipation layer contours st were determined by searching for local maxima in the scalar gradient field; it was at these locations that was computed. ϩ and Ϫ were then estimated locally by a curve fit to the error function solution.
The degree of molecular mixing within a flowfield may be quantified using the concept of mixedness 35, 36 as well as the concept of unmixedness. 37, 38 Both concepts quantify mixing in terms of the second moment of the scalar concentration field, enabling comparisons of the local scalar field to be made with the scalar field that would be present if the fluids were completely mixed or completely unmixed. In the present analysis the concept of unmixedness is used to quantify molecular mixing processes; this is defined as follows, after Dimotakis and Miller:
where Y 0 and Y 1 are the minimum and maximum CO 2 mass fractions present within a given interrogation area, respectively, p(Y ) is the probability density function of the mass fraction, and the mean value of the mass fraction within the local interrogation area, Ȳ, is given by
It is noted that the unmixedness U approaches unity for the case of completely non-molecularly mixed fluids, i.e., the second moment in the numerator of Eq. ͑3͒ approaches the denominator, and U approaches zero for complete molecular mixing of two fluids, i.e., a local mass fraction of Ȳ everywhere within the integration region.
The
35 For application of the present flowfield to combustion systems, the global mixing of all fuel and air present at each cross-section of the wind tunnel is not the most useful information, since ignition is not dependent on complete mixing of fuel with air far above and below the injector. It is the local degree of fuel-air mixing at strained stoichiometric interfaces that determines the local ''equivalence ratio'' ͑fuel-air ratio compared with stoichiometric͒ that would be present when ignition occurs in a reacting case, from which reactant consumption rates and local NO concentrations, for example, may be estimated. As a consequence, in quantitatively comparing mixing characteristics among the three injectors, we chose an integration area which included ͑at the injection plane͒ only a single side of each of the lobes for injectors A and B, with equivalent areas of surrounding air; a strip of injector C of equal length and surrounding area was chosen for comparison. Initial fluid interface lengths, areas of pure ''fuel,'' areas of pure air, and total integration areas were also kept constant among the three injectors. Hence comparisons of unmixedness among the three injectors yielded differences which arose mostly from secondary flows along the lobes and subsequent streamwise vorticity generation and which were not due to increased interfacial length at injection.
The integration area and location for the evaluation of unmixedness were maintained as constants with downstream location. This is another difficulty with the concept of mixedness or unmixedness: As the integration area ͑laser sheet location͒ is moved downstream, new, entrained fluid is counted within the integration area, while some fluid originally present at injection may have been lost from the integration area. Yet as noted above, using the entire crosssectional area of the wind tunnel ͑in which no fluid is gained or lost͒ as the integration area would yield nonuseful mixing information from a combustion perspective.
RESULTS
Flow visualization by smoke from TiCl 4 as well as acetone PLIF was performed in laminar flow with airstream velocities of 1 m/s in order to examine flow path and vortex rollup. Acetone PLIF images for the three-lobed injector B are shown in Fig. 4 for different downstream locations within the mixing tunnel. For these and all test conditions shown, effective streamwise circulation ⌫ was estimated using equation ͑1͒, with C 1 ϭ2.4 for injector A and C 1 ϭ4.0 for injector B, as suggested in Ref. 18 . Figure 4 shows that, close to the injector exit, CO 2 remained concentrated within the region of injection, while further downstream, KelvinHelmholtz vortical structures formed along the injector lobes which eventually rolled up further downstream into large scale vortical structures, becoming concentrated near the injector inflection points. The vortical structures near the inflection points appeared to draw injector fluid from the peaks and troughs of the injector toward the center of the flowfield. The secondary, cross-stream velocities induced by the lobed injector were also clearly visible in smoke images ͑not shown here͒, with a magnitude roughly 1/7th of the primary velocity.
Instantaneous acetone PLIF images in Figs. 5, 6, and 7 show flow evolution at higher speed air streams for injectors A, B, and C, respectively, again for flow condition I. As with the low speed flow, CO 2 remained concentrated within the region of injection close to the exit plane, later experiencing distortion by small scale vortical structures along the injector lobes ͑Figs. 5 and 6͒. Pairing and merger of these structures into larger vortical structures were observed to occur downstream, although evolution of the vortices into single large scale streamwise structures was not as obvious in these instantaneous images of the turbulent flow as in the laminar flow. Neither was any significant breakdown in the streamwise vortical structures noted within 100 mm of injection for flow condition I. Lobed injector B did demonstrate the ability of the streamwise vortical structures to draw injector fluid from the peaks and troughs toward inflection points; this was not observed in injector A, possibly due to the somewhat smaller effective circulation for injectors of this type as well as the injector's larger gap width at the peaks and troughs.
Figures 8͑a͒-͑c͒ and Figs. 9͑a͒-͑c͒ show acetone PLIF images at a specific downstream location ͑60 mm͒ for each injector at flow conditions corresponding to case III ͑at high speed͒ and case II ͑at moderate speed͒, respectively. The images in Fig. 8 for mismatched upper and lower air speeds are similar to those for matched air speeds in Figs. 5-7 and for other air velocity ratios examined. 39 Lobed injector B did appear to draw fluid from peaks and troughs toward injector inflection points more efficiently for this flow condition ͓Fig. 8͑b͔͒ than for flow condition I with equal air flow rates ͑Fig. 6͒, despite a somewhat higher estimated streamwise circulation in case I. Since the effective air speed mismatch was higher at the injector troughs than at the peaks for case III, one might expect a non-symmetric mixing of CO 2 and air between peaks and troughs, but this did not appear to have taken place for either lobed injector to any significant degree. The images in Fig. 9 for a moderate air speed (v aa ϭv ab ϭ4.5 m/s͒ and higher injectant velocity (v f /v aa ϭ2) in general are similar to PLIF images for other flow conditions, but there are a few important differences. Because the flow rate of CO 2 injectant is higher than that of air, injectant in the peaks and troughs of the lobed injectors persisted much further downstream in case II flows than in cases I or III. This is especially evident in Fig. 9͑b͒ for lobed injector B. The higher injectant flow rate also acts to increase the generation of vorticity oriented normal to the streamwise direction; this can also assist with fuel-air mixing.
Quantitative mixing and strain field data may be extracted from mixture fraction images such as those shown in Figs. 5-9. Figures 10͑a͒-͑d͒ show the downstream evolution of unmixedness U for several different cases of matched and unmatched air and fuel flow rates. As noted above, the interrogation areas for the computation of unmixedness were chosen to include one sidewall of each lobed injector, for comparison with unmixedness in an equal length of the straight injector C. Results for interrogation areas which included the whole injector flowfield ͑with differing interrogation widths to match interfacial lengths and fluid areas͒ gave similar results for unmixedness. Each data point in Figs. 10͑a͒-͑d͒ is an average of four to six instantaneous PLIF images for the same flow conditions.
In all high flow rate cases ͓Figs. 10͑a͒-͑c͔͒, the lobed injectors appeared generally to produce a lower overall unmixedness ͑i.e., greater mixing͒ at each downstream location compared with the straight injector. Interestingly, for these high flow rate cases, the unmixedness for both lobed injectors was roughly the same near the exit ͓in Fig. 10͑b͒ injector A had a somewhat higher unmixedness͔ and the unmixedness for the lobed injectors was generally lower than for the straight injector in the farfield. This suggests that initial streamwise vorticity generation by the lobed injectors did assist in increased initial mixing of injectant with surrounding air. Near a downstream location of x ϭ 35-45 mm, however, the five-lobed injector A consistently produced a more rapid drop in U than did the three-lobed injector B. Acetone PLIF images ͑e.g., in Figs. 5 and 6͒ indicated that, upstream of roughly 40 mm, ''fuel'' injectant in each side lobe mixed with air fairly independently of the fuel in adjacent side lobes, whereas downstream of 40 mm, fuel from adjacent side lobes in injector A appeared to interact. The fuel in the more widely separated side lobes in injector B did not exhibit such interaction until much further downstream, if at all. Thus the sudden increase in mixing exhibited by injector A could have arisen from the transport of fuel from an adjacent lobe into the interrogation area of a given lobe. Airflow velocity mismatch ͓Figs. 10͑b͒ and 10͑c͔͒ appeared to yield somewhat greater mixing than for equal upper and lower air speeds in both lobed injector geometries. This finding may be consistent with the observations of Yu et al. 19 that high turbulence generation occurs much sooner for mismatched air flows in lobed mixers ͑especially for sawtooth geometries similar to injector A͒ than for matched air flows.
Lower airspeeds and higher injectant velocities ͓Fig. 10͑d͔͒ were found to actually produce lower downstream fluid mixing ͑increased unmixedness͒ for the lobed injector geometries than for the straight injector. The lower axial air speeds for the flow condition here reduced the magnitude of secondary velocities in the lobes, apparently reducing the initial degree of mixing by streamwise circulation for the lobed injectors. Beyond this, the fuel-air velocity mismatch acted to increase spanwise vorticity generation, particularly for the straight injector, increasing its overall degree of fluid mixing. It is possible that the increase in spanwise vorticity for the lobed injectors was inhibited by the lobed shape, and hence was not sufficient to increase their overall mixing as compared with that for injector C.
It should be noted that for all three injectors the unmixedness U was less than 0.4 at the first measurement location, 20 mm downstream of the injector exit, for all flow conditions. This indicated very rapid initial mixing. In this respect the lobed injector geometry is different from the lobed mixer geometry studied by previous researchers. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In the lobed mixer geometry the stirring action generated by the lobe shape must penetrate well into both fluid streams before significant mixing occurs. In the lobed injector geometry, however, fuel is injected directly into the region of streamwise vorticity generation, and is rapidly mixed with and diluted by coflowing air. For this reason, the scalar boundary conditions for the dissipation layers must be carefully evaluated when estimating fluid mechanical strain rates, as noted previously.
The local scalar dissipation rate along strained dissipation contours st was determined as described previously Figs. 10͑a͒-͑d͒, respectively. It should be noted that in the nearfield ͑x ϭ 20-40 mm downstream͒, each strained dissipation layer was resolved by 5-7 pixels, so that the gradient ", and hence , were probably underestimated. In the farfield ͑xϭ60-100 mm͒, layers were resolved by at least 20 pixels and hence values were probably more accurate. Again it should be noted that the scalar dissipation rates were calculated only from mixture fraction gradients in the planes of the PLIF images. As expected, for all flow conditions, scalar dissipation rates for the lobed injectors tended to start out relatively high, then to decay due to viscous dissipation with downstream distance. For straight injector C, did not vary substantially with downstream distance, suggesting no significant rollup of spanwise vorticity into streamwise vortical structures by this injector.
In contrast to the results for unmixedness, at high as well as low speeds the three-lobed injector B appeared to create a much higher mean scalar dissipation rate than did either lobed injector A or straight injector C in nearly all cases ͓a notable exception being the equal flowrate case in Fig.  11͑a͔͒ . This observation is consistent with the generally higher effective streamwise circulation associated with rounded square wave lobes as in injector B as compared with the sinusoidal injector of type A for the same flow conditions. 18 The fact that injector B tended to draw fluid from the peaks and troughs toward the inflection points more effectively ͑in the PLIF images͒ provided further evidence of the higher degree of streamwise vorticity that was generated and thus the higher local strain rate. That the average scalar dissipation rate for injector A decayed to even lower levels in the farfield than for straight injector C for the airspeed While airspeed mismatch appeared to assist lobed injector B with streamwise vorticity generation and vortex rollup ͓espe-cially as seen in Fig. 11͑b͔͒ , promoting the transport of injectant from peaks and troughs to inflection regions, airspeed mismatch appeared to inhibit initial streamwise vorticity generation and vortex rollup for injector A. A significant drop in is also generally seen for lobed injector B in the farfield. The very high initial scalar dissipation rates seen for both lobed injectors in Fig. 11͑d͒ may be associated with the more coherent, laminar-like rollup of vortices seen in the PLIF images for this moderate flow condition ͑see Fig. 9͒ .
The only case in which injector B did not create a higher mean scalar dissipation rate at high speeds is shown in Fig.  11͑a͒ for flow condition I. As seen in the PLIF images, velocity mismatch in this flow regime ͑especially for condition III͒ seemed to augment the ͑initial͒ process of streamwise vortex rollup for injector B and hence to augment fluid mechanical strain. This could explain the initial and overall drop in for injector B in Fig. 11͑a͒ for matched airspeeds. The equal airspeed condition in Fig. 11͑a͒ did cause the average scalar dissipation rate field generated by A to be increased above that for the other flow conditions shown, however. These findings for injector A may be consistent with the observations of Yu et al. 19 concerning the delay in vortex breakdown for matched air flows, yet the observations for injector B appeared to contradict Yu et al. ' s results. The fact that Yu et al. ' s results are for the lobed mixer rather than the lobed injector, however, may point to fundamental flowfield differences between the two configurations.
DISCUSSION
The results above provide information with respect to mixing and scalar energy dissipation characteristics for a lobed injector configuration. It is seen that, for local fuel-air mixing along injector lobes, the five-lobed injector A consistently mixed fuel and air more rapidly than did the threelobed injector B or straight injector C at high speeds, although transport of injectant from adjacent lobes clearly played a role in this quantification. Yet at high speeds the scalar dissipation rate, which is proportional to local strain rate, was in general substantially higher for injector B than for the other two injectors. If both rapid premixing and high strain rates are required for ignition delay and NO x reduction in a combustion environment, the question arises as to which injector might be optimal. In examining Eq. ͑2͒ relating strain rate and scalar dissipation rate, one finds that high strain rates can occur for large scalar dissipation rates but where values of ( ϩ , Ϫ ) may be close to ͑1,0͒ or are roughly symmetric about st ϭ0.5. High strain rates are also possible with smaller scalar dissipation rates if values of ( ϩ , Ϫ ) differ more significantly from ͑1,0͒ or are more greatly skewed about the value of st . In the present study, both of these situations were observed for lobed injector geometries. The five-lobed injector A mixed fluid more rapidly, diluting values of ϩ and Ϫ downstream, but did not necessarily generate high values of , while the three-lobed injector B mixed less rapidly but could generate higher scalar dissipation rates. Estimates of strain rate at 80 mm ͑where there was sufficient dissipation layer resolution to compute ϩ and Ϫ with some confidence͒ confirmed the effects of these trends. For the high flow speed cases considered, the strain rates in the farfield were of the order 250-700 s Ϫ1 for both lobed injectors A and B, and were of the order 300-400 s Ϫ1 for the straight injector C. At 80 mm one would expect the average strain field to have relaxed due to viscous dissipation; this suggests that strain rates in the nearfield may have been higher, perhaps substantially so, than in the farfield.
The critical strain rate required for ignition delay of a 0.6 cm-thick propane fuel strip in air 29, 40 for the present configuration is roughly of the order 400 s Ϫ1 . Recall that the strain rates estimated above for the present experiments were computed from only two components of the gradient in mixture fraction and as such should be regarded to be a minimal prediction of farfield strain rate. Hence it is reasonable to estimate that there should be a delay of ignition in the nearfield region of a lobed fuel injector flowfield due to high fluid mechanical straining, and quite possibly further downstream as well, based on the present results. As seen in Figs. 10͑a͒-͑c͒, this region just downstream of the injector is one during which fuel and air can strongly mix on a molecular level. Thus the present results suggest that a lobed fuel injector is likely to produce substantially premixed flame structures, more so than in a non-lobed injector, which is more likely to ignite stoichiometric diffusion flames.
CONCLUDING REMARKS
The present experimental study has demonstrated the potential of the lobed injector flowfield for applications to a low-NO x combustor. Both lobed injector designs under consideration demonstrated the possibility of an improvement in mixing over a straight ͑non-lobed͒ injector, in some cases by 30% or more. Fluid mechanical straining of the fuel-air interface, as evidenced by scalar dissipation rates, can be made significantly greater for the lobed injector geometries than for non-lobed injection. Although accurate values of strain rate near the injection plane were not possible in the present experiments, farfield strain rates were sufficiently high to suggest that the nearfield strain rates ͑typically higher͒ will delay ignition of the fuel. It thus seems reasonable to expect that flame structures that form in the lobed fuel injector flowfield would be detached, locally premixed or partially premixed flames, with the potential for lowered NO production. 
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